Abstract-Elevator group control systems (EGCS's) are the control systems that systematically manage three or more elevators in order to efficiently transport passengers. Most EGCS's have used the hall call assignment method to assign elevators in response to passengers' calls. This paper proposes a control strategy generation method, a hall call assignment method based on the fuzzy theory, and then the fuzzy elevator group control system (FEGCS). The control strategy of FEGCS is made using the classification of the passenger traffic and system manager's requirements, and the hall calls are assigned to suitable elevators by the generated control strategy. The system is operated using the given control strategy which is defined by the system manager. The proposed system shows better results than the conventional methods in simulations and is under commercialization by an industrial company.
I. INTRODUCTION

E
LEVATOR group control systems (EGCS's) are control systems that manage multiple elevators in a building in order to efficiently transport the passengers. The performance of EGCS's is measured by several criteria such as the average waiting time of passengers, the percentage of passengers waiting more than 60 s, and power consumption [14] , [15] , [18] , [19] . EGCS's manage elevators to minimize the evaluation criteria; it is, however, difficult to satisfy all criteria at the same time. Therefore, the EGCS is designed to satisfy each criterion at certain levels. Nowadays, system managers want to define the control strategy of EGCS's, i.e., some managers want to reduce the average waiting time while others may want to reduce the power consumption.
An EGCS consists of hall call buttons, car call buttons, elevators, and a group controller. If a passenger wants to go to another floor, he presses a direction (hall call) button and waits for an elevator to arrive, then enters the elevator and presses a floor (car call) button in the elevator. The group controller selects a suitable elevator when a passenger presses the hall call button. In this case, the group controller considers the current situation of the building to select the most appropriate elevator in the group.
In the EGCS, it is difficult to select a suitable elevator for the following reasons. First, the EGCS is very complex. If a group controller manages elevators and assigns hall calls to the elevators, the controller considers cases. Second, the controller must consider the hall calls which will be generated in the near feature. Third, it must consider many uncertain factors, such as the number of passengers at the floors where hall calls and car calls are generated. Fourth, it must be possible for a system manager to change the control strategy. Some managers want to operate the system to minimize passenger waiting time while others want to reduce the power consumption.
Many studies have been done and significant progress has been made regarding the algorithm to assign hall calls, but none of them are optimal solutions. Some recent studies [10] , [12] , [13] , [15] show more desirable results than previous systems using conventional statistical methods. However, it is still difficult to define and reflect the control strategy and reflect the strategy when the EGCS selects suitable elevators.
The method in [10] used fuzzy logic to classify the traffic pattern, but the important features, such as the time and the ratio of in/out passengers, were not used as input variables. The method in [12] classified the traffic patterns and assigned the hall calls by using fuzzy logic, but it was difficult for the system manager to define control strategy. Control strategy defines control variables by vertical traffic type where the major concern is average waiting time in the morning, energyconsumption during business hours, and long-wait-percent in the evening. The method in [13] classified the traffic patterns and calculated waiting times by using a neural network. Hall calls were assigned by the waiting times, so it was difficult to consider the other evaluation criteria such as power consumption. Moreover, the system could not reflect the strategy. The method in [15] considered the control strategy generation, but used the conventional suitability functions at the hall call assignment, so it was difficult to reflect and tune the system for the control strategy.
Fuzzy theory has been used to make an approximate model when a system is very complex and it is not easy to make an accurate model for the system [1] , [4] , [5] . Many applications of fuzzy reasoning to construct advanced controllers have been reported [2] , [3] . In this paper, we design and implement the fuzzy elevator group control system (FEGCS). Specifically, we focus on the control strategy generation and the hall call assignment parts of the FEGCS. The control strategy generation part prepares for the hall call assignment by using the system manager's request, and the hall call assignment part assigns hall calls to suitable elevators. The FEGCS shows more desirable results than other systems [11] , [15] . 
II. ELEVATOR GROUP CONTROL SYSTEM
In this section, the general structure of EGCS will be discussed. There are two hall call (up, down) buttons on a floor, and multiple elevators as shown in Fig. 1 . The EGCS selects an elevator for the passenger who has pressed a hall call button. The selected elevator moves to the floor where the hall call occurred. To understand the EGCS, consider an example of the elevator group control process. 1) A passenger who is going to the 15th floor from the second floor presses the up hall call button. 2) The hall call signal is transmitted to the EGCS.
3) The EGCS selects an elevator to service the passenger. 4) The EGCS sends a message to the selected elevator. 5) The selected elevator moves to the second floor and the passenger boards. 6) The passenger presses the car call button for the 15th floor. 7) The elevator sends a message to the EGCS and moves to the 15th floor. 8) The elevator arrives at the 15th floor and the passenger leaves. The EGCS repeats the process of selecting service elevators for hall calls. We call the selection the hall call assignment. In the EGCS, the hall call assignment is important and the performance depends on the hall call assignment method.
Many evaluation criteria are used to estimate the performance of the EGCS [7] , [8] . In this paper, the following three criteria are used. 1) Average waiting time (AWT) is the time until the service elevator arrives at the floor after a passenger presses a hall call button. AWT is the average of all waiting times in a unit time. 2) Long waiting percent (LWP) is the percentage of the passengers who wait more than 60 s in a unit time. 3) RuN count (RNC) is the number of elevator moves in a unit time and is used to estimate the power consumption of the system since most energy is consumed by starting or stopping the elevator. Fig. 2 shows the general structure of the EGCS. In Fig. 2 , the EGCS manages eight elevators in a building. Each elevator has its own controller represented by the car controller (CC) and communicates with the elevator group controller. The EGCS consists of three main parts and several modules. The three main parts are traffic data management, control strategy generation, and hall call assignment. The traffic data management part collects various statistics of traffic data such as the number of hall calls, car calls, and passengers getting on or off the elevators. This part learns the traffic data and predicts the future traffic [16] , [17] . The control strategy generation part classifies the traffic into one of several modes and determines which hall call assignment method is suitable for the classified traffic mode. Finally, the hall call assignment part selects service elevators for hall calls via the method determined in the control strategy generation part. In addition, there are several small modules to support the main parts such as task management, data management, and communication management parts.
The EGCS generally tests the degree of suitability of each elevator for a hall call and selects an elevator with the best suitability. If we consider the above three evaluation criteria, then the suitability can be represented by their combination. Let be the suitability function for the th elevator; and the evaluation values of th elevator for and , respectively; the waiting time of the passenger; the probability of the long waiting; and the number of moves in a time interval when th elevator assigns for the hall call. The suitability of th elevator for a hall call can be represented by the following equation:
In this equation, the and are weighting factors of each evaluation criterion. The elevator with the minimum value of the function is selected.
III. FUZZY ELEVATOR GROUP CONTROL SYSTEM
The core parts of the FEGCS are the control strategy generation and the hall call assignment. In this section, the FEGCS will be introduced, and the presentation will focus on the core parts. Fig. 3 shows the structure of FEGCS. In Fig. 3 , the FEGCS manages eight elevators and the status of the FEGCS is monitored via a terminal. The FEGCS consists of the traffic data generation, control strategy management, hall call assignment, data management, elevator management, and terminal management parts. The control strategy generation and the hall call assignment are the most important parts and have the most effect on the performance of FEGCS. They are new parts added to the conventional EGCS in this paper and the other parts are somewhat modified.
A. System Overview
Traffic data management part manages traffic data of passengers by collecting, learning, and prediction. Traffic data, the number of passengers who get on/off elevators on each floor, is collected and learned periodically. Traffic data is predicted for the next unit time to help the hall call assignment.
Control strategy generation part classifies the passenger traffic data and makes a strategy for the hall call assignment. The passenger traffic data is classified into eight modes according to the characteristics of traffic using a fuzzy inference.
Hall call assignment part assigns the hall call to an suitable elevator considering the elevator status, passenger traffic, and control strategy.
Data management part manages all data of the FEGCS including elevator data, building data, statistic data, learning data, control strategy data, and membership function.
Elevator management part communicates with each elevator and collects data about the elevator status. The elevator status is given by specification, direction, position, door condition, hall call status, car call status, and weight.
Terminal management part communicates with a terminal and is necessary for the system manager. The system status including elevator status, control strategy, passenger traffic data, and system performance, is available at the terminal. Elevator specification, building specification, and system specification are changed through the terminal.
The key parts of interest here are the control strategy generation part and the hall call assignment part; these are discussed next.
B. Control Strategy Generation
The control strategy generation part prepares the hall call assignment part by making two types of control strategy. One is the operation strategy and the other is the assignment strategy.
The traffic pattern of passengers shows distinct characteristics according to the periods of time and it is easy to manage elevators by the traffic patterns [10] . Through our experience in operating the EGCS [15] , we noted that it is more useful to divide the elevators into two groups at the up peak time, have stop some elevators unused at the inactive time, and to distribute the elevators at the business time. We call this the operation strategy.
In the hall call assignment part, hall calls are assigned by using fuzzy inference to satisfy the system manager's multiple objectives. The objectives are predefined by the system manager according to the traffic patterns. Several input variables and membership functions are used to assign the hall calls in the fuzzy inference. To reflect the objectives, we use different membership functions according to the traffic patterns. We call these sets of membership functions the assignment strategy.
The details of control strategy (operation strategy, assignment strategy) generation will be discussed next.
1) Operation Strategy Generation:
In the operation strategy generation, the traffic data is classified into eight modes according to their characteristics. We will call the number of up-going passengers the up traffic and the number of downgoing passengers the down traffic. Fig. 4 shows a typical up and down traffic pattern of an office building.
In Fig. 4 , we can find clear differences between the traffic patterns around 9:00, 12:00, 13:00, and 18:00. So it is necessary to manage the elevators with different strategies according to the traffic patterns. For example, many passengers arrive at the lobby around 9:00. At that time, we must manage all elevators to go back to the lobby as soon as possible to minimize the AWT and LWP. However, we must consider the RNC to minimize the power consumption around 11:00, since the total traffic is medium at that time. In this section, we propose a traffic pattern recognition method based upon fuzzy logic.
We classify the passenger traffic patterns into eight traffic modes. Table I shows the traffic patterns. Incoming and outgoing passenger traffic data are collected at every floor for both directions. This amount of traffic information is too large to handle, but we can find features representing the traffic. The number of up/down going passengers is the most important piece of information, and the degrees of centralization and distribution of passengers on floors also give much information. The time is also important because some traffic occurs at similar times of day. Table II shows five important features representing the traffic characteristics.
The five features can be categorized into the traffic amount (TA), traffic percentage (TP), and time (TM). The and belong to TA, the and to TP, and belongs to TM. Fig. 5 shows the linguistic terms and their membership functions used in the variables representing the traffic features. In Fig. 5 , the , , and represent membership functions (small, medium, large) for Fig. 6 shows the structure of the fuzzy inference. Five features of current traffic are given for the fuzzy inferencing to classify the traffic pattern. Next, the fuzzy inference engine infers the possibility of each mode become the current traffic mode. After the inference, the traffic mode having the maximum possibility is selected. If the possibility of the selected traffic mode is more than , the control strategy is changed for this mode. If not, the previous control strategy is preserved.
is a threshold which is a predefined constant and protects the oscillation of the traffic modes.
Let be the rules for the th traffic mode . The maximum possibility is fuzzy inferred and is determined. Here is the number of features, and is the number of rules of is the result of fuzzy inference for the th traffic mode, and is the intermediate variable which represents the matching degree of th rule in th traffic mode.
is the matching degree of the th mode, th rule, and th feature.
is an abstract presentation of membership functions in TA, TP, and TM.
is the th feature
The is determined by the comparison with the maximum possibility . Let mode be the traffic mode determining the control strategy. The mode is set by the following equation. The threshold is used to protect the oscillation of traffic mode when the traffic mode is changed from one to another 2) Assignment Strategy Generation: In the hall call assignment part, each elevator is tested on the evaluation criteria to get the suitabilities of the elevators by using a fuzzy inference, and an elevator is selected to assign the hall call. At that time, the elevator having the largest overall suitability is selected.
Let and be real values in [0,1] which represent the degree of importance for the evaluation criteria ( ), respectively. The system manager's objectives can be represented as to each traffic mode. If a system manager defines the importance degrees as (1.0, 0.8, 0.4) in the business time, it means that he wants to minimize the average waiting time of the passengers and considers energy use not as important. Generally, the AWT and LWP are more important at the heavy traffic modes (UP, DP, LT-A, LT-B, BTH, HT) and the RNC is important at the light traffic modes (BT, IT).
To reflect the importance degrees , the suitabilities are inferred to different values by the importance degrees for the same condition. For example, the suitability of an elevator (average waiting time is reduced if we assign the elevator) is inferred to be a larger value when the importance degree of the is defined larger. Therefore, the hall call assignment is highly affected by the control variables related to an evaluation criterion, if we define high importance degree for the evaluation criterion.
In the hall call assignment part, the suitability of each evaluation criterion is fuzzy inferred using the input variables and and membership functions, respectively. Brief definitions of input variables are shown in Table III , and details of the estimation methods will be presented in the hall call assignment part. The input variables are very closely related to the evaluation criteria and can be estimated. The membership functions are only changed to reflect the importance degrees. The assignment strategy generation part generates the membership functions by the importance degrees and the classified traffic mode.
The is related to the the to the and the to the and and to the . Two membership functions (Small, Large) for each input variable are used and shown in Fig. 7 .
In the assignment strategy generation part, the membership functions that will be used in hall call assignment are made by the importance degrees of the classified traffic mode. The importance degree is defined in evaluation criteria but the inference of the hall call assignment used different variables. The relations between evaluation criteria and input variables are applied to get the importance degree of input variables.
For example, if the importance of is defined as a larger value, EGCS should assign hall calls to minimize the . The major factors of the input variables are and by the relation of input variable and evaluation criteria. Therefore, the suitability of an elevator for the evaluation factor is inferred by using the input variables and in the hall call assignment. The rule of the inference needed the matching degrees ( to get the largest suitability for the . If we make the membership functions generate more desirable values for the same input, the suitability of an elevator for the evaluation factor becomes larger and means that the importance degree of is applied in the process of hall call assignment.
The membership functions are generated by shifting from the basic membership functions as shown in Fig. 7 . The shifting of membership functions is defined by the importance degree and the desirable matching degree of each input variable. The importance degree of input variables is made by the minimum operation of the importance degree of related evaluation criteria. The shifting rule is shown in Table IV .
If the importance of HCWT is defined to be a large value, then we shift the basic membership function (small) to the right and is shifted left. Through the shift, the matching degree of the becomes larger and means that the HCWT becomes a more important factor in the hall call assignment.
Let be the maximum shifts of the input variables. The values of maximum shifts are given by system developer and means the limit of the shifting from basic membership function in Fig. 7 . The and are the importance degrees of evaluation criteria defined by operator. The membership functions will be used in the hall call assignment as follows: We call the preparation of membership functions assignment strategy generation. In this process, the importance degrees of evaluation criteria are applied to the hall call assignment.
C. Hall Call Assignment
The hall call assignment part assigns hall calls to the suitable elevators whenever new hall calls occur. Three fuzzy inferences are implemented to test the suitability of each evaluation criterion, and an ordered weighted average (OWA) [20] operation is employed to get the overall suitability of each elevator. Finally, the elevator having the largest overall suitability is selected to service the new hall call. Fig. 8 shows the inference structure of the overall suitability of the th elevator. In Fig. 8 , the suitability of each evaluation criterion , is inferred, and then overall suitability is calculated.
1) Calculation of Input Variables:
The hall call assignment part considers data such as the direction and floor of hall calls, condition of elevators, and future hall calls. These data reflect the suitability of each elevator according to the evaluation criteria. Since the evaluation criteria can be computed after the hall calls are assigned, the and are estimated using the and . The input variables of the fuzzy inference are hall call waiting time ( ), maximum hall call waiting time 2) Fuzzy Inference: Three fuzzy rule sets are derived to infer the suitability of each evaluation criterion. In the rule sets, and are linguistic terms defined in the suitability domain, and commonly used in three inferences. Fig. 9 shows the linguistic terms and . In the fuzzy inferences, Mamdani's method and center of gravity method are used for inferencing and defuzzification, respectively.
The OWA [20] operator is used to aggregate the suitabilities of evaluation criteria. The OWA operator is an aggregation operator which forms an overall decision function in a multicriteria problem and is defined as follows.
Definition: A mapping from where is called an OWA operator of dimension if associated with and is a weighting vector such that and where where is the th largest element in the collection . In this paper, is used to emphasize the criteria having the largest suitability. The and are the suitability of each evaluation criterion, and the is the overall suitability of th elevator. Therefore, the is aggregated by the following:
By the above methods, the overall suitability of elevators are inferred where the is the number of elevators in the elevator group control system. Finally, the hall call assignment part selects an elevator having the largest overall suitability. Let be a selected elevator to service the new hall call. The is defined as such that
In this selection mechanism, the importance degrees defined by the system manager are affected in the following way. First, the membership functions defined by the input variables are made by the importance degrees. Second, the suitability of each evaluation criterion is inferred using the membership functions. At that time, the suitability will be increased when the system manager defines the importance degree to large value. Third, the OWA operation aggregates three suitabilities. Finally, an elevator having the largest overall suitability is selected. Therefore the importance degrees are applied to the hall call assignment.
IV. EXPERIMENTAL RESULTS AND ANALYSIS
We have implemented a simulation environment to evaluate the proposed elevator group control system's performance. The simulation environment consists of four parts as shown in Fig. 10 . The first part is a real elevator group controller and the second part is a central processing unit (CPU) emulator which is used for convenience of programming and debugging. The third part is a car emulator which generates hall calls and car calls like real elevators. It collects and displays the statistics of the simulation. The car emulator is developed on an IBM PC. The final part is a front end terminal. We use another PC to program and debug our elevator group control system. In the simulation environment, we used real hardware from an elevator group control system and developed a car emulator which simulates the elevator's movement and operations.
We have performed numerous experiments to test the performance of the system and will show some experimental results in the following. In the simulation, the AWT is measured in tenths of seconds (0.1 s) and the LWP is in tenths of a percent (0.1%). The RNC is interpreted as the power consumption.
A. Overall Performance Evaluation
We simulated and compared the FEGCS with other systems in our simulation environment. The compared systems are the conventional system as in [11] and our previous work [15] . For the simulation, real traffic data of the SS Building in Seoul, Korea, was used.
The FEGCS and conventional systems were simulated to evaluate the total performance from 12:00 to 15:00. For that time frame, the membership functions and importance degrees are tuned appropriately. The conditions of simulation are shown in Table V . According to the traffic pattern, the simulation situation is divided into several periods such as before lunch time (12:00 12:40), after lunch time (12:40 13:20) , and business time (13:20 15:00). The performance is measured by using the criteria of AWT and average LWP because they are two important criteria in the elevator system. The simulation results are shown in Table VI where "Hitachi81" indicates the conventional system [11] , "Bum95" the previous system [15] , "new" the FEGCS, and "improv.1" the improvement compared with "Hitachi81" and "improv.2" with "Bum95".
As shown in Table V , and are improved in all time periods.
is improved by 19% and by 35% compared with "Hitachi81," and by 10% and by 13% compared with "Bum95" in the total periods. In the simulation results, the overall performance of FEGCS is increased in all time periods. Therefore, we decided that this developed system is worth commercializing.
B. Effect of the Importance Degrees
The effect of change in the importance degree of each evaluation criterion is tested by the following simulation. 0.5 was used for the initial values of importance degrees. The FEGCS was also simulated using importance degrees (0.7, 0.5, 0.5), (0.9, 0.5, 0.5), (0.5, 0.7, 0.5), (0.5, 0.9, 0.5), (0.5, 0.5, 0.7), and (0.5, 0.5, 0.9). The conditions of simulation are shown in Table VII , and the simulation results of the FEGCS are given in Table VIII. In the simulation result, we see that is decreased to 227 and 206 when we use the importance degree of (0.7 and 0.9). is decreased (29 and 22) for high importance degree (0.7 and 0.9), and to (129 and 121) for (0.7 and 0.9), respectively. It shows that the performance of an evaluation criterion defined as having a high importance degree is increased. This is a very desirable result because the performance of FEGCS can be changed by the importance degrees. Therefore, system managers can define their aims on the evaluation criteria and the FEGCS reflects the importance degrees.
V. CONCLUSIONS
In this study, the FEGCS is designed and implemented to increase the performance of elevator systems. The control strategy generation and hall call assignment parts, which are the most important parts of the FEGCS, are developed and the FEGCS is tested by computer simulation.
In the control strategy generation part, the passenger traffic patterns are classified, and the membership functions used at the hall call assignment are made by the classified traffic mode and importance degrees of the evaluation criteria. In the hall call assignment part, the hall calls are assigned to the suitable elevators to service passengers. The suitabilities of elevators for a hall call is given by the fuzzy inference and the system selects an elevator by the rank of the overall suitability.
The change effect of importance degrees on the evaluation criteria was tested by the simulation and shows desirable results. According to the simulation, the performance of an evaluation criteria is increased when we use a high-importance degree for that criteria. The result means that the FEGCS can operate according to the given control strategy. The overall performance of the FEGCS was tested for several traffic conditions. By the simulation result, it is noted that the overall performance of the FEGCS is increased in all time periods. The FEGCS is now being commercialized by the Star Industrial Systems Corporation.
